'.) Check for updates

Arteriosclerosis, Thrombosis, and Vascular Biology

BASIC SCIENCES

Deletion of Talin1 in Myeloid Cells Facilitates
Atherosclerosis in Mice

Huiping Shi®®} Jianhua Song;" Liang Gao®, Xindi Shan, Sumith R. Panicker(®, Longbiao Yao, Michael McDaniel, Meixiang Zhou,
Samuel McGee, Hui Zhong, Courtney T. Griffin®, Lijun Xia(, Bojing Shao

BACKGROUND: Integrin-regulated monocyte recruitment and cellular responses of monocyte-derived macrophages are critical for
the pathogenesis of atherosclerosis. In the canonical model, talin1 controls ligand binding to integrins, a prerequisite for integrins
to mediate leukocyte recruitment and induce immune responses. However, the role of talin1 in the development of atherosclerosis
has not been studied. Our study investigated how talin1 in myeloid cells regulates the progression of atherosclerosis.

METHODS: On an Apoe~~ background, myeloid talin1-deficient mice and the control mice were fed with a high-fat diet for
8 or 12 weeks to induce atherosclerosis. The atherosclerosis development in the aorta and monocyte recruitment into
atherosclerotic lesions were analyzed.

RESULTS: Myeloid talin1 deletion facilitated the formation of atherosclerotic lesions and macrophage deposition in lesions.
Talin1 deletion abolished integrin f2—mediated adhesion of monocytes but did not impair integrin a4 1—dependent cell
adhesion in a flow adhesion assay. Strikingly, talin1 deletion did not prevent Mn2*- or chemokine-induced activation of integrin
04f1 to the high-affinity state for ligands. In an in vivo competitive homing assay, monocyte infiltration into inflamed tissues
was prohibited by antibodies to integrin a4 1 but was not affected by talin1 deletion or antibodies to integrin p2. Furthermore,
quantitative polymerase chain reaction and ELISA (enzyme-linked immunosorbent assay) analysis showed that macrophages
produced cytokines to promote inflammation and the proliferation of smooth muscle cells. Ligand binding to integrin $3
inhibited cytokine generation in macrophages, although talin1 deletion abolished the negative effects of integrin 33.

CONCLUSIONS: Integrin a4f1 controls monocyte recruitment during atherosclerosis. Talin1 is dispensable for integrin a431
activation to the high-affinity state and integrin a4f1-mediated monocyte recruitment. Yet, talin1 is required for integrin
B3 to inhibit the production of inflammatory cytokines in macrophages. Thus, intact monocyte recruitment and elevated
inflammatory responses cause enhanced atherosclerosis in talin1-deficient mice. Our study provides novel insights into the
roles of myeloid talin1 and integrins in the progression of atherosclerosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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manifests in large arteries, is the leading cause of

cardiovascular disease. During atherosclerosis,
monocyte recruitment from the circulation into the blood
vessel wall plays a vital role in the initiation of inflam-
mation.”"3 Infiltrated monocytes differentiate into macro-
phages that ingest blood lipids and produce inflammatory
cytokines, thereby promoting atherosclerosis.*® Thus,

Atherosclerosis, a chronic inflammatory disease that

prevention of monocyte entry into the blood vessel wall
may lessen the formation of atherosclerotic lesions.
However, the mechanism underlying monocyte recruit-
ment during atherosclerosis is not well studied.

Integrins regulate leukocyte adhesion onto the blood
vessel and extravasation into inflamed tissues.® Mono-
cyte adhesion onto the inflamed vessel wall is mediated
by integrins B2, including alLB2 and aMp2, and a4p1
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Role of Myeloid Talin1 in Atherosclerosis

Nonstandard Abbreviations and Acronyms

Highlights

CXCL12  chemokine (C-X-C motif) ligand 12
DAPI 4’ 6-diamidino-2-phenylindole
FITC fluorescein isothiocyanate

HFD high-fat diet

ICAM-1 intercellular adhesion molecule 1
IFN-y interferon-y

IL interleukin

LDV Leu-1 N-2-[4-[[[(2 methylphenyl)amino]
carbonyllamino]phenyl]acetyl-, Lys-6 N

PE phycoerythrin

RGD arginylglycylaspartic acid (Arg-Gly Asp)
SMC smooth muscle cell

TNF-a tumor necrosis factor-a

VCAM-1  vascular cell-adhesion molecule 1

binding to endothelial ICAM-1 (intercellular adhesion
molecule 1) and VCAM-1 (vascular cell-adhesion
molecule 1),'9'" respectively. Reduction of VCAM-1
expression in mice partially impairs the formation of
atherosclerotic lesions,'? yet, deleting ICAM-1 pres-
ents inconsistent effects.'?'* Furthermore, lacking the
mechanistic picture of monocyte recruitment into ath-
erosclerotic lesions confounds the findings. Therefore,
more specific analysis of the contribution of integrins to
monocyte recruitment in the context of atherosclerosis
is warranted.

In the arterial wall, monocyte-derived macrophages
uptake lipid particles, clear dead cells, and secrete cyto-
kines or proteinases.*® Integrins also play multifaceted
roles in regulating macrophage functions during athero-
sclerosis. For example, integrin 3 negatively regulates
the production of inflammatory cytokines by macro-
phages.”® Smooth muscle cells (SMCs) in the blood
vessel wall stabilize the atherosclerotic lesion.’'” Macro-
phages have been reported to regulate the proliferation
of SMCs.”® Whether integrins on macrophages play a
role in the regulation of SMC proliferation during athero-
sclerosis remains elusive.

Talin1 is a ubiquitously expressed cytoskeletal pro-
tein.'® Studies with patient samples show that talin1
expression in atherosclerotic plaque® and aortic media®'
is downregulated. Yet, it is unknown which cell types con-
tribute to the reduced talin1 expression and whether this
alteration plays a role in the initiation of atherosclerosis.
Talin1 is well studied for its function in leukocyte traf-
ficking. Talin1 binding to the cytoplasmic tail of integrin
[ subunits upregulates the integrin’s affinity for ligands,
thereby controlling leukocyte adhesion?? Talin1 is
required for adhesion of leukocytes and platelets by inte-
grins B2 and allbp3, respectively.2®2* Yet, the role of talin1
in leukocyte adhesion by integrin a4f31 is controversial.
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+ Talin1 is dispensable for integrin a4p1 to adopt the
high affinity for ligand binding and to mediate mono-
cyte recruitment.

* Integrin a4f1 plays a dominant role in regulating
monocyte recruitment into inflamed tissues.

* Integrin avB3 on macrophages inhibits the pro-
duction of cytokines to promote inflammation
and smooth muscle proliferation, and this process
requires talin1.

Downregulation of talin1 by siRNA reduces integrin
04 1-mediated T-cell adhesion on VCAM-12 but does
not impair adhesion of the U937 cell line.?® Deletion of
talin1 abrogates adhesion of mouse B cells on plates
coated with a low density of VCAM-1 but does not inter-
fere with cell adhesion on a high density of VCAM-1.27
Whether talin1 is essential for upregulating the ligand-
binding affinity of integrin a4f1 is not clear. In addition,
how talin1 regulates integrin a4f31-mediated monocyte
adhesion and recruitment has not been studied.

Here, we unexpectedly found that deletion of talin1
in myeloid cells, including monocytes, facilitates mac-
rophage deposition in the lesions and the formation
of atherosclerotic lesions in mice fed with a high-fat
diet (HFD). Integrin p2-mediated monocyte adhesion
required talin1, but integrin a4f1-mediated cell adhe-
sion and integrin a4f1 activation to the high-affinity
state were independent of talin1. Integrin 0481 played a
dominant role in monocyte recruitment into the inflamed
tissues. In addition, talin1 was essential for integrin 33 to
negatively regulate macrophages to produce cytokines
and proteins that enhance inflammation and the prolif-
eration of SMCs. Our findings provide novel insights into
functions of integrins and macrophages in the develop-
ment of atherosclerosis.

MATERIALS AND METHODS
Data Availability

The authors declare that all data, protocols, and analytic meth-
ods that support the findings of this study are available from the
corresponding author upon reasonable request.

All data needed to evaluate the conclusions in the article
are present in the article and the Supplemental Material.

Mice

All mouse experiments were performed in compliance with
protocols approved by the Institutional Animal Care and Use
Committee of the Oklahoma Medical Research Foundation.
Apoe~~ mice (C57BL/6J) were purchased from The Jackson
Laboratory (No. 002052). Mice lacking talin1 in myeloid cells
(LysMCre*;Tin1"") were generated by breeding Tin1"" mice®
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with LysMCre* mice?* on the C57BL/6J background. These
Tin17* mice were further bred into the Apoe™~ background for
at least b generations to generate Apoe”~/LysMCre=;Tin1"*
(control) and Apoe~~/LysMCre*;Tin1”* (Mye Tin1-~) mice. All
mice were 6 to 18 weeks old at the time of study.

Reagents

EasySep mouse monocyte isolation kit was purchased from
STEMCELL Technologies (Vancouver, Canada). RNeasy kit
and Omniscript RT kit were purchased from Qiagen. SYBR
Green Master Mix was purchased from Bio-Rad. PE (phycoer-
ythrin) anti-mouse CD 115 (monoclonal antibody [mAb]; clone
AFS98), fluorescein isothiocyanate (FITC) anti-mouse Ly6C
(mAb; clone HK1.4), FITC anti-mouse CD18 (mAb; clone
M18/2), FITC anti-mouse CD49d (mAb; clone R1-2), FITC
anti-mouse F4/80 (mAb; clone BM8), FITC rat IgG2a control
(clone RTK2758), FITC rat IgG2b control (clone RTK4530),
PE rat IgG2b control (clone RTK4530), PE rat IgG2a con-
trol (clone RTK2758), Alexab47 anti-mouse CD31 (mAb;
clone 390), PE-anti-FITC (mAb; clone FIT-22), anti-mouse
F4/80 (mAb; clone BM8), PE hamster anti-mouse CD61
(mAb; clone 2C9.G2), mouse anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase; mAb; clone FF26A/F9), and
ELISA (enzyme-linked immunosorbent assay) kits for mea-
suring mouse plasma TNF-a (tumor necrosis factor-a), IFN-y
(interferon-y), IL (interleukin)-1b, IL-6, and IL-10 levels were
purchased from BioLegend (San Diego, CA). Alexa 594
anti-FITC (mAb; clone 1F8-1E4) was from Jackson Immuno
Research (West Grove, PA). Rat anti-mouse CD49d (mAb;
clone phosphate-buffered saline [PBS]/2) was from Bio X
Cell (Lebanon, NH).*® Rat anti-mouse B2 integrin (mAb;
clone GAME-46) was from BD Biosciences (San Jose, CA).3°
Rat anti-mouse macrophages (mAb; clone MOMA-2) were
from Bio-Rad (Hercules, CA). Mouse anti-talin (mAb; clone
8d4) was from Sigma (St. Louis, MO). HRP (horseradish
peroxidase)-conjugated goat anti-mouse IgG (polyclonal, poly-
clonal antibody) was from Thermo Fisher Scientific (Waltham,
MA). Recombinant mouse P-selectin, recombinant mouse
ICAM-1, recombinant mouse VCAM-1, recombinant mouse
CXCL1 (chemokine (C-X-C motif) ligand 1), and recombi-
nant mouse CXCL12 (chemokine [C-X-C motif] ligand 12)
were purchased from R&D Systems, Inc (Minneapolis, MN).
Recombinant mouse m-CSF (macrophage colony-stimulating
factor) was purchased from BioLegend (San Diego, CA). The
optical coherence tomography solution (Tissue-Tek) was from
Sakura Finetek USA (Torrance, CA). Jurkat cells (clone E6-1)
were from ATCC (Manassas, VA). CytoTrace Red CMTPX
and Green CMFDA were from Cayman Chemical (Ann Arbor,
MI). Leu-1 N-2-[4-[[[(2 methylphenyl)amino]carbonyl]lamino]
phenyllacetyl-, Lys-6 N-FITC (FITC-Leu-1 N-2-[4-[[[(2
methylphenyl)amino]carbonyl]laminolphenyllacetyl-, Lys-6 N
[LDV]) and Bio121 1 were purchased from Tocris (Minneapolis,
MN). HFD was from Envigo (No. TD.88137, Indianapolis, IN).
EnzyChrom Phospholipid Assay Kit was purchased from
BioAssay Systems (No. EPLP-100, Hayward, CA). The stan-
dard laboratory diet for mice was PicoLab Rodent Diet 20, No.
5053, from Purina LabDiet (Richmond, IN). The major content
of this regular diet is a crude protein (not less than 209%),
crude fat (not less than 4.5%), crude fiber (not greater than
6%), and ash (a crude measurement of the total amounts of
mineral, not greater than 7%).
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HFD-Induced Mouse Atherosclerosis

Six-week-old male Mye Tin7~~ mice and the control mice on
an ApoE~~ background were fed a Western diet (21% [wt/wi]
fat; 0.3% cholesterol; research diet, No. DO2031507) for 8 or
12 weeks. Mice were euthanized, and the circulatory system
was flushed with PBS and then perfused with 4% paraformal-
dehyde. The heart and the aorta from the aortic root to the iliac
bifurcation were removed and placed in 4% paraformaldehyde
overnight. To analyze atherosclerotic lesion areas, the aorta was
cut longitudinally to expose the intimal surface and stained with
oil red O. Lesions in the aorta were quantified from the aortic
arch, which was from the beginning of the ascending arch to
5 mm distal to the left subclavian artery to the iliac bifurcation.
The lesion area (oil red O—positive area/total lumen area, %)
was quantified with Image J software (NIH Image USA). The
heart was further incubated with 20% sucrose-PBS, embed-
ded in an OCT medium, and frozen. Lesions in the aortic root
were analyzed following the recommendations of the American
Heart Association.®' Briefly, the hearts were sectioned perpen-
dicular to the axis of the aorta from the inside of the heart
toward the aortic arch. Once 3 valve leaflets of the aortic sinus
were evident, consecutive sections at 10-pym thickness were
collected until only 1 valve was observed in the aortic sinus.
Four sections with recognizable 3 aortic valves starting from
the first section with 3 leaflets together with the following 3
every-other sections (section No. 1, 3, 5, and 7) were used for
analysis. These 4 cross sections that covered =70 um of the
aortic root were stained with nuclear dye (DAPI [4/,6-diamidino-
2-phenylindole]), antibodies to macrophages (MOMA-2), and
blood endothelium (CD31). Samples were imaged with a
Nikon C?* confocal microscope (Nikon Instruments Inc, NY) to
acquire a series of Z-stack images at 1-um intervals and were
analyzed with NIS-element AR software (Nikon). The percent-
age of MOMA-2—positive lesion of total lesions and the pixels
of MOMA-2—positive area were measured. The mean value of
these 4 sections was used to represent the macrophage depo-
sition of this group of samples from 1 mouse. Samples from a
total of 8 mice were studied.

Preparation of Monocytes and Macrophages
Mouse monocytes were isolated from the bone marrow and
peripheral blood of both male and female mice with EasySep
mouse monocyte isolation kit as instructed by the manufacturer.
The bone marrow cells were isolated by flushing femurs and
tibias. BMDM (bone marrow—derived macrophages) were pre-
pared as previously described.®? Briefly, the bone marrow cells
were cultured in RPMI-1640 medium containing 10% fetal
bovine serum and 15 ng/mL m-CSF at 37 °C in 5% CO,,. After
culturing for b days, the medium was changed every day for
another 5 days. Those cells were uniformly positive for mature
macrophage markers F4/80 and Mac-1 (macrophage-1
antigen; integrin aMb2) by flow cytometry. For experiments,
macrophage cells were depleted of both serum and m-CSF by
overnight incubation.

Adhesion Assay Under Flow Conditions
The adhesion of monocytes and macrophages under flow was
assessed on a parallel plate flow chamber. Briefly, a 35-mm

tissue culture dish (Corning Glass Works, Corning, NY) was
coated with P-selectin (0.2 pg/mL) and ICAM-1 (1.0 pg/mL)
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with or without CXCL12 (2 ug/mL) or coated with VCAM-1
(0.2 ug/mL) with or without CXCL12 (2 pg/mL) in a solution of
10 mmol/L NaHCO, (pH=8.5) at 4 °C overnight. After block-
ing the chamber with 2% human serum albumin for 2 hours,
monocytes or macrophages (1x10°%/mL) were perfused over
the coated plate at 1 dyne/cm? After 5 minutes, adherent
cells were imaged using a video microscope coupled to a digi-
tal analysis system on a Silicon Graphic workstation. In some
experiments, cells were pretreated with antibodies to f2 inte-
grin or antagonists to 1 integrin (Bio1211) before perfusion.

In Vivo Competitive Monocyte Adhesion and
Transmigration

Purified monocytes (107) from control or Mye Tin1~~ mice were
fluorescently labeled with 2-uM CellTracker Green CMFDA
or CellTracker Orange CMRA dye, mixed, and retro-orbitally
injected into TNF-a (1 pg)—challenged wild-type mice. Anti-
CD31-Alexa 647 mAb was injected to label vessels. At 2 hours
after injection, competitive adhesion and migration of injected,
fluorescently labeled monocytes were visualized in the same
venules (35-65 um in diameter) of the cremaster muscle using
spinning-disk confocal microscopy. Monocyte arrest and migra-
tion were visualized by time-lapse recording every 30 seconds,
using Z stacks of 5-pym step with a total thickness of 30 pym.
Time-lapse videos were recorded continuously for 30 min-
utes up to 2 hours. Adherent cells were defined as monocytes
that did not move for at least 30 seconds. The spinning-disk
confocal microscope is composed of a Nikon Eclipse micro-
scope (EBOOFN) with a 20x/0.95 W XLUM plan F1 water
immersion objective, which is coupled to a confocal light path
(Solamere Technology Group) based on a modified Yokogawa
CSU-X1 head (Yokogawa Electric Corporation) and is driven
by the National Institutes of Health acquisition software
Micromanager. The images were captured by Micromanager
1.4 and analyzed with ImageJ software (National Institutes of
Health). In some experiments, antibodies to integrin B2 (clone
GAMEA46) or integrin a4 (clone PBS/2) were injected intrave-
nously at 30 minutes before cell injection.

Measurement of Integrin a4f1 Activation

Integrin a4f1 activation was measured by detecting the con-
formational change of its extracellular domain with LDV as
described previously.®® Briefly, Jurkat cells and monocytes were
suspended in Hank's Balanced Salt Solution (HBSS) without
Ca? and Mg?* (3x10%/mL) and incubated with 1 pg/mL of
FITC-LDV at 37 °C for 30 minutes. For the flow cytometry analy-
sis, cells were further incubated with Ca2* (1 mmol/L), Mn2* (2
mmol/L), or CXCL12 (1 ug/mL) at 37 °C for 15 minutes fol-
lowed by dilution with HBSS without Ca? and Mg?* to 0.56x 108/
mL. Then diluted cells were fixed with 2% paraformaldehyde at
room temperature for 10 minutes, washed, and incubated with
PE-conjugated anti-FITC to detect LDV binding. For LDV bind-
ing in adherent cells, LDV-preincubated monocytes were diluted
with HBSS with Ca?" and Mg?* to 0.5x10°/mL followed by
addition to coverslips coated with VCAM-1 (1 pg/mL) with or
without CXCL12 (2 pg/mL). After incubation at 37 °C for 30
minutes, nonadherent cells were removed and adherent cells
were fixed with 2% PFA. Then, adherent cells were incubated
with Alexab49-anti-FITC, antibodies to monocytes (F4/80), and
nuclear dye (DAPI), and imaged with confocal microscopy.
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Western Blot

Monocytes, neutrophils, and CD4* T cells from LysMCre*; Tin 1%
mice and the control mice were lysed with 1% Triton X-100, and
the cell lysates were probed by Western blotting using mAbs to
talin1 (8d4) or to GAPDH, followed by HRP-conjugated sec-
ondary antibodies. Of note, these 2 proteins were probed on
separated membranes, as the molecular weight of talin1 (=270
kD) and GAPDH (=30 kD) differs too much.

Adhesion of Neutrophils Under Flow Conditions
The adhesion of purified neutrophils was assessed on a paral-
lel plate flow chamber under flow conditions. Briefly, a 35-mm
tissue culture dish (Corning Glass Works, Corning, NY) was
coated with P-selectin (0.2 pg/mL) and ICAM-1 (1.0 pg/mL)
with or without CXCL1 (2 pg/mL) in a solution of 10 mmol/L
NaHCO, (pH=8.5) at 4 °C overnight. After blocking the cham-
ber with 2% human serum albumin for 2 hours, neutrophils
(1x108/mL) were perfused over the coated plate at 1 dyne/
cm? After 5 minutes, adherent cells were imaged using a video
microscope coupled to a digital analysis system on a Silicon
Graphic workstation. In some experiments, cells were pre-
treated with antibodies to 2 integrin before experiments.

Counting Peripheral Blood Cells

Blood cell counts were performed as described previously.®*

Flow Cytometry

Flow cytometry was performed as described previously.®?

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from cultured BMDM using the
RNeasy Kit as instructed by the manufacturer. Reverse tran-
scription was performed using the Omniscript room tem-
perature Kit as instructed by the manufacturer. The derived
cDNA was subject to real-time quantitative polymerase
chain reaction analysis by mixing with primers and SYBR
Green Master Mix. The primer sequences were as follows:
Gapdh  forward B5-TCTCCACACCTATGGTGCAA-3” and
reverse 5-CAAGAAACAGGGGAGCTGAG-3’; IFN-y forward
5-CGGCACAGTCATTGAAAGCCTA-3andreverse5-GTTGCT
GATGGCCTGATTGTC-3%; TNF-a forward 5-TGCCTATGTCTC
AGCCTCTTC-3" and reverse 5-GGTCTGGGCCATAGAACT
GA-3%1L-10 forward 5"-AAGGCAGTGGAGCAGGTGAA-3" and
reverse 5’-CCAGCAGACTCAATACACAC-3";MCP-1(monocyte
chemoattractant protein-1) forward 5-TTCCTCCACCACCAT
GCAG-3" and reverse 5-CCAGCCGGCAACTGTGA-3"; MMP2
(matrix metalloproteinase) forward 5-AACTACGATGATGAC
CGGAAGTG-3" and reverse 5-TGGCATGGCCGAACTCA-3’;
MMP9  forward 5-CTGGACAGCCAGACACTAAAG-3” and
reverse 5-CTCGCGGCAAGTCTTCAGAG-3"; Pdgfp forward
5-GCAAGACGCGTACAGAGGTG-3” and reverse b5™-GAA
GTTGGCATTGGTGCGA-3;VEGFA (vascularendothelialgrowth
factor A) forward 5-GGACGGGCCTCCGAAACCATG-3
and reverse b5-GACGGCAGTAGCTTCGCTGGT-3%; Arg-1
(Arginase-1) forward 5-GTGAAGAACCCACGGTCTGT-3” and
reverse 5-CTGGTTGTCAGGGGAGTGTT-3". Real-time quanti-
tative polymerase chain reaction data acquisition and analysis
were performed using the Bio-Rad CFX manager 3.0 soft-
ware. The 8Ct method was used for the comparison of relative
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expression while the 88Ct method was used to compare the
relative normalized expression.

Measurement of Plasma Cytokines

Mouse plasma TNF-a, IFN-y, IL-1b, IL-6, and IL-10 levels were
measured by ELISA as instructed by the manufacturer. Briefly,
100 pL of capture antibody diluted in coating buffer B was
added to each well of a 96-well plate and incubated overnight
at 4 °C. After washing on the second day, 200 pL of assay
diluent A was added to each well for blocking nonspecific bind-
ing. Mouse plasma samples were diluted 5x using 1x assay
diluent A and measured in duplicate. Afterward, the plate was
washed and added with 100 L per well of standards or plasma
samples. Following a 2-hour incubation at room temperature,
the plate was washed and 100 pL of diluted detection antibody
solution was added to each well for another 1-hour incubation at
room temperature. The binding was detected by adding avidin-
HRP and freshly mixed TMB (3,3'5,5"-tetramethylbenzidine)
substrate solution sequentially. After the reaction was stopped
by adding 100 pL per well of stop solution, the absorbance was
read at 450 nm using FLUOstar Omega microplate reader.

Measurement of Mouse Blood Phospholipids
Mouse plasma phospholipid levels were measured using
a Phospholipid Assay Kit. Briefly, mix 20 yL of each plasma
sample with 80 pL working reagent (assay buffer: phospholipid
enzyme: enzyme mix: dye reagent=85:1:1:1). Prepare the stan-
dards using the phosphatidylcholine provided in the kit. Tap the
plate to mix and incubate for 30 minutes at RT, followed by an
optical density reading at 570 nm.

Statistical Analysis

Statistical analyses were performed with Prism 10. For com-
parisons between 2 groups, unpaired t test was used when the
normality assumption was met using the Shapiro-Wilk test. F
test was used to check for equal variances. In case of unequal
variances, the unpaired f test with Welch correction was used.
If the normality assumption was not met, Mann-Whitney U test
was used to analyze the difference between 2 groups. For quan-
titative polymerase chain reaction studies, 1-sample t test was
performed to check the significance of analyzed genes with the
hypothetical value of 1, which was acquired by normalized house-
keeping gene. A Pvalue of <0.05 was considered significant.

RESULTS

Deletion of Talin1 in Myeloid Cells Enhances
the Formation of Atherosclerotic Lesions and
Macrophage Deposition in the Lesions

Talin1 is essential for integrin-mediated neutrophil adhe-
sion onto endothelium and extravasation into inflamed
tissues.® Thus, we examined whether deleting talin1
prevents the development of atherosclerosis by inhibit-
ing monocyte entry into the arterial vessel wall. LysMCre
mice that carry floxed talin1 (Apoe”~/LysMCre*;Tin1"
Mye Tin1~-) were used as a mouse model that lacks
talin1 in myeloid cells, including monocytes. Apoe™~/
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LysMCre’;Tin1%* (control) mice were used as control
mice. Specific deletion of talin1 in myeloid cells, such as
neutrophils and monocytes but not T cells, was confirmed
by Western blots (Figure S1A through S1D) and by inhi-
bition of integrin f2—mediated neutrophil adhesion on
ICAM-1 (Figure STE). We next placed these mice on an
HFD for 8 and 12 weeks to induce atherosclerosis. The
HFD induced the formation of lipid lesions in the aortas
of control mice, which was revealed by en face oil-red
staining (Figure 1A and 1B). Surprisingly, Mye Tin1~~
mice formed larger lipid lesions in their aortas (Figure 1A
and 1B). In addition to the increased lesion formation,
Mye TIn1~~ mice also accumulated more macrophages
in their aortic sinuses than control mice after 8 weeks
of HFD (Figure 1C and 1D; Figure S2). Yet, deletion of
myeloid talin1 did not alter the count of peripheral blood
cells (Figure S3A and S3B) and lipid metabolism (Figure
S3C through S3E), suggesting that other mechanisms
are responsible for the increased lesion formation and
macrophage accumulation. In addition, the deletion of
myeloid talin1 did not cause significant cell apoptosis
(Figure S4) or alter cell proliferation (Figure Sb) in the
aortas. Thus, talin1 is dispensable for monocyte recruit-
ment into the inflamed vessel and plays an unexpected
antiatherosclerotic role, which is in contrast with the pre-
vailing concept suggesting talin1 is required for leuko-
cyte recruitment and inflammation development.

Deletion of Talin1 Does Not Affect Monocyte
Migration Into Extravascular Tissues

Monocytes in the circulation are the major source of mac-
rophages in atherosclerotic lesions,®® and monocytes
enter atherosclerotic lesions mainly through postcapillary
venules.®” Thus, we examined the role of talin1 in monocyte
trafficking into lesions with a mouse model of TNF-o—chal-
lenged cremaster muscle. Adhesion and transmigration of
labeled monocytes in the venules of the cremaster muscle
were analyzed. Two hours after the TNF-a challenge, a
similar number of monocytes of both genotypes adhered
onto the blood vessel wall and extravasated into tissues
(Figure 2A and 2B). Monocytes from control and Mye
Tin1~~ mice with or without feeding of an HFD showed
the same expression levels of adhesion molecules, includ-
ing B1 integrin (ie, CD49d), B2 integrin (ie, CD11a and
CD11b),and CD44 (Figures S6 and S7). Thus, talin1 is not
essential for monocyte recruitment into inflamed tissues,
which is consistent with our findings showing that talin1
is not required for macrophage deposition into atheroscle-
rotic lesions and lesion formation (Figure 1C through 1E).

Integrin 1 Controls Monocyte Recruitment Into
the Inflamed Tissue

It is thought that integrins a4f1 and olLB2 regulate
monocyte recruitment into inflamed tissues.® Yet, the
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Figure 1. Myeloid talin1 deficiency enhances atherosclerosis and macrophage burden in atherosclerotic lesion.

A, Representative images of en face oil red O-stained aortas from control (Apoe~~/LysMCre’;TIn1"") and Mye Tin1~-(Apoe~-/LysMCre*;TIn1")
mice that were fed with a high-fat diet for 8 and 12 weeks. In each genotype, n=8. Red dashed line demarcated the aortic arch and thoracic
aorta. B, Quantification of the area (%) of oil red O—positive lesion in aortic arch and thoracoabdominal aorta in aortas shown in A. C,
Representative immunostaining images of transverse sections of aortic sinus from control and Mye TIn71~~ mice that were fed with a high-fat
diet for 8 and 12 weeks. MOMA-2, an antibody recognizing mouse macrophages. CD31, a maker for endothelial cells on the blood vessel

wall. D, Quantification of the MOMA-2—positive area (%) in transverse sections of aortic sinus shown in C. E, Quantification of the lesion area
in transverse sections of aortic sinus. All data are acquired from 3 independent experiments, n=8 male mice per genotype, and results are
expressed as mean+SD. Scale bar, 200 pym.

roles of these integrins in monocyte recruitment are
still under debate. Thus, mAbs to integrin 2 or a4p1
were given to mice before infusion of fluorescently

labeled monocytes and TNF-a challenge. Injection of
blocking mAbs to integrin B2 did not alter the adhe-
sion and migration of monocytes from the 2 genotypes
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Figure 2. Integrin a4p1 dominantly
contributes to monocyte adhesion on
inflamed vessels and extravasation
into tissues in vivo.

Adherent and extravasated monocytes
from control (green) and Mye TIn71~~ (red)
mice at 2 hours after intravenous injection
into TNF-a. (tumor necrosis factor-o)—
challenged wild-type (WT) mice that
were preinjected with (A) isotype Abs,
and inhibitory Abs to (C) integrin 32 or
(E) a4B1. Blood vessel endothelial cells
were stained with anti-CD31 monoclonal
antibody (mAb; blue). The images

are representative of 4 independent
experiments. Scale bar, 200 um. B, D, and
F, Quantification of adherent luminal and
extravascular monocytes at 2 hours after
injection was presented in the right of the
images. The data represent mean+SD

of 50 to 300 monocytes counted in 7 to
8 venules from each of 4 independent

0 experiments. Each dot represents a mean

from 1 mouse.

(Figure 2C and 2D). However, blocking mAbs to integ-
rin a4B1 completely abolished adhesion and migration
of the monocytes we assessed, regardless of genotype
(Figure 2E and 2F). Furthermore, there was no differ-
ence in adherent and migrated cells between isotype-
and Abs-to-integrin f2—-treated mice. These results
suggest that monocyte adhesion and extravasation in
inflamed tissues are predominantly regulated by integrin
04p1 and that integrin f2 does not play a significant
role in this process.

Talin1 Is Dispensable for Integrin a4p1-
Mediated Adhesion of Monocytes and
Macrophages

Integrin-mediated adhesion is a prerequisite for leu-
kocyte extravasation into inflamed tissues. Thus, we
examined the effect of talin1 deletion on adhesion medi-
ated by integrins a4p1 and B2 underflow. Both mono-
cytes and macrophages from control mice exhibited
CXCL12-induced and B2 integrin—dependent adhesion
on ICAM-1—coated plates (Figure 3A and 3B). However,
monocytes and macrophages from Mye Tin1~~ mice did
not adhere to immobilized ICAM-1 (Figure 3A and 3B),
although these cells expressed normal levels of adhe-
sion molecules, including selectin ligands and integ-
rins (Figures S6 and S7). These results are consistent
with previous studies in which talin1 deletion prohibited
B2 integrin—dependent neutrophil adhesion.?* Con-
trol monocytes and macrophages also showed integrin
a4p1-mediated adhesion on immobilized VCAM-1 (Fig-
ure 3C and 3D). Surprisingly, talin1-deficient monocytes

Arterioscler Thromb Vasc Biol. 2024;44:1799-1812. DOI: 10.1161/ATVBAHA.123.319677

and macrophages exhibited a comparable adhesion on
VCAM-1 (Figure 3C and 3D). These results suggest that
talin1 is not required for integrin a4p1-mediated adhe-
sion of monocytes and macrophages.

Integrin a4p1 Activation Is Intact in Talin1-
Deficient Monocytes

Upregulation of ligand-binding affinity is critical for inte-
grins to arrest leukocytes®® Thus, we tested whether
talin1 is required for integrin a4f1 activation to its high-
affinity state for ligands. LDV is a peptide that specifically
recognizes human integrin a4p1 with a high ligand-
binding affinity.3® Mn2*, which activates integrins allo-
sterically,®® increased LDV binding to the human Jurkat
cell line (Figure 3E). Interestingly, LDV binding to mono-
cytes from control mice was also increased by Mn?* or
CXCL12 (Figure 3F and 3G), suggesting that LDV also
specifically recognizes activated mouse integrin a4p1.
Compared with control monocytes, talin1-deficient
monocytes exhibited a similar LDV binding in response
to Mn?* and CXCL12 (Figure 3F and 3G). These unex-
pected findings indicate that activation of integrin o431
to its high-affinity state is independent of talin1.

Next, we further examined the activation of integrin
a4p1 on adherent monocytes. Monocytes were added
to polylysine- or VCAM-1—coated plates, and LDV bind-
ing was assessed using fluorescent microscopy. LDV
binding was not detected on poly lysine-captured mono-
cytes, indicating that integrin a4p1 on these cells was
not activated (Figure 3H). In contrast, LDV bound both
control and talin1-deficient monocytes that adhered to
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Figure 3. Integrin $1-mediated adhesion and integrin a4f1 activation are intact in talin1-deficient monocytes.

Adhesion of (A) monocytes and (B) macrophages of the indicated genotype on plates coated with P-selectin, ICAM-1 (intercellular adhesion
molecule 1) in the presence or absence of CXCL12 (chemokine [C-X-C motif] ligand 12) at 1 dyne/cm? In some experiments, cells were
pretreated with anti-integrin 32 antibodies before perfusing over the plates. Adhesion of (C) monocytes and (D) macrophages of (Continued)
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VCAM-1 (Figure 3H). In the presence of CXCL12, LDV
was clustered on adherent cells on VCAM-1 (Figure 3H).
Thus, integrin a4f1 on adherent monocytes is activated
and further forms clusters upon chemokine stimulation
independently of talin1. These results are consistent with
our in vivo studies that show integrin a4f31 is essential
for monocyte recruitment into inflamed tissues, whereas
talin1 is dispensable for this process (Figure 2).

Deletion of Myeloid Talin1 Enhances
Inflammation in Mice

Lipidemia causes inflammatory responses that contribute
to the progression of atherosclerosis. Thus, we measured
the plasma levels of inflammatory cytokines in mice.
Feeding the control mice with the HFD increased the
plasma levels of inflammatory cytokines, including TNF-
o, IL-1b, IL-6, IFN-vy, and IL-10 (Figure 4A through 4E).
The HFD increased the levels of cytokines in Mye Tin1~"~
mice, as well (Figure 4A through 4E). Yet, compared with
control mice, Mye Tln1~~ mice had higher levels of cyto-
kines before feeding with the HFD and at 8 weeks after
the HFD (Figure 4A through 4E). The signals of TNF-a
and IL-6 in the lesion were stronger in Mye Tln1~~ mice
(Figure 4F and 4G; Figure S9), suggesting that deleting
myeloid talin1 also increased inflammation in the athero-
sclerotic lesion.

Integrin B3 negatively regulates inflammatory cytokine
production in macrophages,’ and talin1 is required for
integrin B3 to bind its ligands with high affinity.*®*' Thus,
we cultured macrophages and analyzed the expression of
genes for inflammatory cytokines. Compared with macro-
phages from control mice, the gene expression of IFN-y,
TNF-a, and IL10 in macrophages from Mye Tin1~"~ mice
was increased (Figure 4H). In addition, pretreatment of
macrophages from control mice with RGD (arginylg-
lycylaspartic acid [Arg-Gly Asp]) peptide, which blocks
ligand binding to integrin B3, increased the expression of
genes for IFN-y and TNF-a (Figure 41). Thus, talin1 defi-
ciency blocks the negative effects of integrin 3 on the
production of inflammatory cytokines by macrophages,
which may enhance inflammation in atherosclerosis.

Deletion of Myeloid Talin1 Increases SMCs in
Atherosclerotic Lesions

SMCs are involved in the progression of atheroscle-
rosis.'®'” In HFD-fed mice, there were more SMCs in

Role of Myeloid Talin1 in Atherosclerosis

the aortas of Mye Tin1-~ mice (Figure BA through 5C;
Figure S10). Thus, we tested the role of talin1 in regu-
lating the secretion of effector proteins for the prolifera-
tion of SMCs by macrophages. The gene expression of
MMP2, MMP9, PDGF@1 (platelet-derived growth factor
B1), VEGFa, and Arg-1, which promote the proliferation
of SMCs, was examined. Deleting talin1 increased the
expression of MMP2, MMP9, and PDGFB1 in macro-
phages (Figure BD). As integrin f3—-mediated signals
may inhibit macrophages-producing effector proteins
for the proliferation of SMCs,'® we further tested the
role of integrin B3 on macrophages in SMC prolifera-
tion. Blocking ligand binding to integrin B3 with RGD
peptide increased the expression of MMP2, MMP9, and
PDGFB1, in control macrophages (Figure 5E). In addi-
tion, RGD peptide did not have effects on talin1-deficient
macrophages (Figure 5F). Therefore, integrin 33 on mac-
rophages may inhibit the proliferation of SMCs. Talin1

deficiency prohibits the negative regulation of integrin
3, which may increase SMCs in atherosclerotic aortas.

DISCUSSION

Monocyte recruitment and functions of monocyte-derived
macrophages play critical roles in the progression of
atherosclerosis.25424% However, the role of integrins in
these cellular events is only partially understood. Here,
our studies document the predominant role of integrin
a4p1 in monocyte recruitment during atherosclerosis.
In contrast to integrin B2, integrin a4f1 activation and
monocyte adhesion by integrin a4f1 are independent
of talin1. Our studies also show that integrin 3 nega-
tively regulates macrophages to produce inflammatory
cytokines and effector proteins, which could promote
the proliferation of SMCs. These functions of integrin 3
require talin1. Of note, male mice with matched age and
body weight were used for in vivo studies of the ath-
erosclerosis development. Female mice were not used
for in vivo studies as they are smaller in body weight, in
general, and their sexual hormones may affect the study.
Importantly, sex is not a factor associated with the func-
tions of leukocyte integrins, which are the mechanistic
focus of our study. Thus, this limitation would not cause a
significant bias in interpreting data and drawing conclu-
sions in our study.

Monocyte recruitment from the circulation into the
intima of an inflamed vessel is essential for the devel-
opment of atherosclerotic plaques® It is thought that

Figure 3 Continued. the indicated genotype on plates coated with VCAM-1 (vascular cell-adhesion molecule 1) in the presence or absence
of CXCL12 at 1 dyne/cm? In some experiments, cells were pretreated with Bio1211, an antagonist to integrin $1 before adhesion. Flow
cytometry measurement of Leu-1 N-2-[4-[[[(2 methylphenyl)amino]carbonyl]lamino]lphenyllacetyl-, Lys-6 N (LDV) binding to (E) Jurkat cells and
(F) monocytes of the indicated genotype treated with Ca?* or Mn?*/EGTA. G, Flow cytometry measurement of LDV binding to monocytes of the
indicated genotype treated with the vehicle control or CXCL12. H, Representative images of LDV-stained monocytes adhered on plates coated
with poly lysine and VCAM-1 with or without CXCL12. All the results are the representative from 5 independent experiments, and the data
represent meantSD. Scale bar, 10 ym. DAPI indicates 4’,6-diamidino-2-phenylindole.
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Figure 4. Myeloid talin1 deficiency increases inflammation at the early phase of atherosclerosis.

Measurement of the plasma levels of (A) TNF-o. (tumor necrosis factor-a), (B) IL (interleukin)-1b, (C) IL-6, (D) IFN-y (interferon-y), and (E)
IL-10 in control and Mye TIn7~~ mice at O, 8, and 12 weeks after feeding with the high-fat diet. Plasma samples at each time point were from
8 mice of each genotype. Immunofluorescent staining of the transverse sections of aortic sinus from control mice and Mye TIn71~/~ mice after
feeding with a high-fat diet for 12 weeks with antibodies to (F) TNF-a and (G) IL-6 and quantification of the signals. H, Quantitative analysis

of gene expression in macrophages from mice of the indicated genotypes. I, Quantitative analysis of gene expression in control macrophages
treated with the vehicle control or RGD peptide, an antagonist to integrin 3. The dotted line represents the mean expression of the control
gene, GAPDH (glyceraldehyde-3-phosphate dehydrogenase). The results are from at least 4 independent experiments, and the data represent

meanxSD.

monocyte recruitment follows the canonical cascade of
leukocyte trafficking, which depends on adhesion mol-
ecules: selectins and integrins.? Of note, the role of adhe-
sion molecules with respect to monocyte trafficking varies
in differing inflammatory milieus. For example, monocyte
recruitment into the thioglycollate-challenged peritoneal
cavity depends on L-selectin** whereas trafficking of
monocytes to foci of Listeria monocytogenes infection in
the liveris mediated by integrin $2 and CD44.% These dis-
crepancies in monocyte recruitment may be attributed to

1808  August 2024

varied surface receptors on heterogenous monocytes.*®
Studies show that the atherosclerotic vessel expresses
ligands for both integrins f1and f2: VCAM-1 and ICAM-
1.47 Integrins a4p1 and alLp2 support the adhesion of
blood monocytes. However, the role of these 2 integrins
in monocyte recruitment into atherosclerotic lesions is
not clear. Our new data demonstrate that talin1 dele-
tion abolishes integrin alL2-mediated monocyte adhe-
sion but does not impair monocyte adhesion via integrin
a4p1 (Figures 2 and 3). Furthermore, mAbs to integrin

Arterioscler Thromb Vasc Biol. 2024;44:1799-1812. DOI: 10.1161/ATVBAHA.123.319677
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Figure 5. Myeloid talin1 deficiency increases smooth muscle cells (SMCs) in atherosclerotic aortas.

A, Representative images of transverse sections of aortic sinus from control and Mye TIn7~~ mice that were fed with a high-fat diet for 8 and 12
weeks. The cryosections were stained with antibodies to a-SMA (smooth muscle actin). Medial SMCs were demarcated with white dotted line,
and SMCs in lesions were indicated with white arrowheads. In each genotype, n=8. Quantification of (B) the size of SMC-positive area and (C) the
percentage of SMC-positive area in the lesions in transverse sections of aortic sinus. D, Quantitative analysis of gene expression in macrophages
that were derived from monocytes of the indicated genotypes. E, Quantitative analysis of gene expression in control macrophages treated with the
vehicle control or RGD peptide, an antagonist to integrin 33. F, Quantitative analysis of gene expression in myeloid talin1-deficient macrophages
treated with the vehicle control or RGD peptide. The dotted line represents the mean expression of the control gene, GAPDH (glyceraldehyde-3-
phosphate dehydrogenase). All the results are the representative from 4 independent experiments, and the data represent meanSD. Scale bar,
200 pym. MMP indicates matrix metalloproteinase; PDGF(31, platelet-derived growth factor 31; and VEGFA, vascular endothelial growth factor A.
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a4p1, but not to alLB2, block monocyte infiltration into
inflamed tissues (Figure 2), and we found that dele-
tion of talin1 in myeloid cells does not impair monocyte
deposition in atherosclerotic lesions (Figure 1C). Thus,
our studies indicate that integrin a4f1 plays a dominant
role in monocyte recruitment into atherosclerotic lesions.
Our results also agree with previous findings that down-
regulation of VCAM-1 partially reduces the formation of
atherosclerotic lesions.'? Therefore, direct blockade of
integrin a4p1 may efficiently prevent the development
of atherosclerotic lesions.

Talin1 deletion in myeloid cells surprisingly increases
the formation of atherosclerotic lesions and macrophage
deposition. Although intact adhesion by integrin a4p1 is
essential and sufficient for recruitment of talin1-deficient
monocytes, it should not increase monocyte recruitment
and subsequent lesion formation. Instead of transmigra-
tion into the inflamed tissue, it has been noticed that
neutrophils return from tissues to the blood circulation.*®
Under experimental conditions, monocytes can emigrate
from atherosclerotic plaques into the circulation, which
leads to the regression of atherosclerotic lesions.**®°
Talin1 deletion may reduce monocyte emigration by
inhibiting the function of some integrins, such as integrin
2, which would cause a subsequent increase of mono-
cyte deposition and enlargement of lesions. In addition,
the increased stabilization of atherosclerotic plagues in
mice lacking myeloid talin1 may contribute to the forma-
tion of larger lesions.

Talin1 binding to the integrin (3 tail upregulates the
affinity of integrins for their ligands, thereby playing an
essential role in integrin-mediated leukocyte adhe-
sion.2°" Numerous studies have documented that talin1
is required for integrins B2 and B3 to firmly arrest leu-
kocytes and platelets, respectively.2*?® However, the role
of talin1 in integrin a4 1—mediated leukocyte adhesion
is controversial. 25?752 |n addition, it is unknown whether
talin1 is required for integrin 41 activation to the high-
affinity state. In striking contrast to integrins 2 and 33, we
found that talin1 is required for neither activation of inte-
grin a4p1 to the high-affinity state, nor monocyte adhe-
sion on VCAM-1 by integrin a4f1 (Figure 3). As integrin
04p1 is able to mediate leukocyte rolling on VCAM-123 it
is still not clear whether monocyte adhesion on VCAM-1
requires activation of integrin a4 1. In the future, it would
be interesting to explore the mechanism by which integrin
041 is activated to the high-affinity state.

Infiltrated monocytes differentiate into macrophages,
which produce cytokines and effector proteins further
regulating the progression of atherosclerosis. Integrin
B3 regulates many functional aspects of macrophages
during atherosclerosis. For example, integrin B3 nega-
tively regulates macrophages to produce inflammatory
cytokines, which limits atherosclerosis.’ Talin1 deletion
or blockade of ligand binding to integrin 3 enhances
the production of inflammatory cytokines (Figure 4),
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suggesting talin1 is essential for the negative regula-
tory role of 33. Studies of platelets document that talin1
binding to the B3 tail is required for activation of integrin
allbB3 and the subsequent integrin signaling upon ligand
binding.*%4" Thus, talin1 may be required for integrin 3
on macrophages to adopt the high affinity for ligands and
the integrin $3 signaling as well.

SMCs in the neointima play a critical role in the pro-
gression of atherosclerosis. SMCs secrete matrix pro-
teins to stabilize atherosclerotic lesions.'®'” SMCs in
the blood vessel wall positively correlate with the growth
of atherosclerotic lesions.®*® The conditioned medium
from integrin B3—deficient macrophages enhances the
proliferation of SMCs,'® suggesting integrin 3 medi-
ates the production of effectors that negatively regulate
SMC proliferation. Our studies show that integrin 3
inhibits the expression of MMP2/9 and PDGFf1, lead-
ing to inhibition of SMC proliferation. Talin1 is required
for the negative role of integrin B3, therefore lacking
myeloid talin1 increases SMCs in atherosclerotic aortas,
which may stabilize the lesion. Interestingly, studies with
samples from patients with atherosclerosis show that
talin1 is downregulated in unstable carotid plaques com-
pared with stable plaques.®® These findings suggest that
reduced talin1 levels in plaques may cause the disinte-
gration of the arterial wall in atherosclerosis. Thus, talin
in differing cell types and stages of atherosclerosis may
have varied pathological roles.

Our studies indicate that integrin a4f31 is more impor-
tant than integrin aLB2 for monocyte recruitment to ath-
erosclerotic lesions. Furthermore, talin1 is dispensable
for activation of integrin a4f3 1 and monocyte adhesion on
VCAM-1. Talin1 deletion blocks the negative regulatory
roles of macrophage integrin B3 in inflammation forma-
tion and SMC proliferation, which explains the increased
atherosclerosis seen in Mye TIn1~~ mice. In summary,
our studies clarify the roles of integrins a4p1 and B3
and their regulation by talin1 in the pathogenesis of ath-
erosclerosis. Our findings could provide insights into the
development of novel therapeutics for atherosclerosis.
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